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Abstract-Co and CO-Fe were electrodeposited in pores 
of anodic oxidized alumite films. The coercive force 
and the magnetic anisotropy energy of these films are 
examined. The magnetic anisotropy energy and the 
perpendicular coercive force of CO electrodeposited 
alumite films can be controlled widely by changing the 
pH and the temperature of the CO solutions without 
changing the particle diameter. 
The electrodeposited CO-Fe particles are confirmed to 
be single phase CO-Fe alloys by X-ray diffractions. The 
saturation magnetization as well as the coercive force 
can be controlled by changing the composition of the 
alloy. Magnetic alumite films having high saturation 
magnetization and high coercive force were obtained. 
INTRODUCTION 
The high coercive force and the high saturation 
magnetization are very important characteristics for a 
perpendicular magnetic recording medium of a rotary 
encoder. For Fe electrodeposited alumite films used as 
the medium, the magnetic properties such as coercivr 
force and magnetic anisotropy energy arr dominated only 
by the geometric structure of the Fe particles[lI,[21. 
On the other hand, CO has large magnrtocrystalline 
anisotropy energy, it is expected that the magnetic 
properties of CO electrodeposited alumite film are 
affected by the orientation of crystalline c-axis of CO 
particle as well as the geometrical structure of the 
particles. 
The particle diameter in alumite films is considered 
to be equal to the pore diameter of thc films because 
the electrodeposited ferromagnetic materials completely 
fill the pores. The pore diameter, that is particle 
diameter, can be controlled easily by changing the kind 
of anodic oxidizing solution and the condition of the 
pore widening treatment. 
In this paper, we report the magnetic properties of  
alumite films electrodeposited with C O ,  when t h e  pll and 
the temperature of the CO solutions were changed. 
The magnetic properties of alumite films with 
electrodeposited CO-Fe alloys in pores were also 
reported. 
EXPERIMENTAL PROCEDURE 
Anodic oxidization of the aluminum plates 
The aluminum plates (99.99 % in purity and 95 pm in 
thickness) were used as substrates after degrrasing thc 
surface. The substrates are anodized in solutions of 
either H2S04. HOCOCOOH o r  H3P04. The kind of solution 
and anodizing voltage are determined according to the 
desired size of the pore diameter D and distance 
between the pores. The pore diameter is'widened without 
changing the distance between the pores by dissolving 
the pore wall surface in a H3P04 solution. 
Thinning and uniforming of barrier layer 
A semiconductive alumite barrier layer formed at the 
bottom of the pores next to the aluminium substrate 
during anodic oxidation. The thickness of this barrier 
layer is proportional to the anodizing voltage[31. The 
anodizing voltage is much higher during anodizing than 
the voltage used to electrodeposit the magnetic 
materials into pores. In order to thin the barrier 
layer, the film was anodized again at a constant 
current density. After this treatment, the barrier 
layer thickness becomes about 100 A .  However, at this 
state, the thickness of the barrier layer is not 
uniform, which will affect the electrodeposition s p e d  
of each particle. To produce more uniform barrier 
layer, an additional anodic oxidation is carried out at 
a constant voltage in a mixed neutral solution of H3B04 
and Na2B407 *10H20. 
Electrodeposition 
After the anodic oxidation and the controlled 
thinning of the barrier layer, CO was electrodeposited 
into pores in a solution containing C0S04 07H20 and 
H3B04. In this case the parameters are temperature and 
pH of the solution. Co-Fe was electrodeposited in a 
solution of H3B04, CoS04.7H20 and FeS04(NH4)2S04*6H20. 
Measurement 
X-ray 
diffraction method using a CO target and the 
composition of Co-Fe alloys was analyzed by a EPMA. 
Saturation magnetization was measured by a VSM and 
magnetic anisotropy by a torque meter, respectively. 
The crystalline structure was determined by an 
RESULTS AND DISCUSSION 
Figure 1 shows the dependence of the coercive force 
on the CO electrodeposited pore diameter. In this 
figure, packing density P is 0.2. The coercive force 
takes the maximum value of 1800 Oe at pore diameter of 
200 A and decreascs to 500 Oe at 1150 A .  The maximum 
value of coercive force in CO electrodeposited alumite 
film is lower than that of Fe electrodeposited alumite 
film having the maximum value of 2200 Oe at pore 
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Fig. 1 The pore diameter Dp dependence of the coercive 
force Hc(1) and U/). 
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Fig. 2 The pore diameter Dp dependence of magnetic 
anisotropy Ku. 
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films, it is well known that the magnetization reversal 
is followed by curling mode. and as a result the 
perpendicular coercive force is proportional to D -2 
1 1 1 ,  [21.  However, in CO electrodeposited alumite f i l h ,  
the relation between the coercive force and the pore 
diameter does not agree with curling mode. This is 
due to the large magnetocrystalline anisotropy of the 
CO particles. 
Figure 2 shows the pore diameter dependence of the 
magnetic anisotropy energy Ku. When the pore diameter 
is larger than 200 A ,  the anisotropy energy K 
decreases rapidly and minimized at 400 A and then i? 
increases gradually. The broken line presents the 
calculated anisotropy energy given by the sum of shape 
anisotropy energy and magnetostatic energy[4]. The 
measured values coincide with the calculated values 
only in the regions where the pore diameter is less 
than 200 A\ and the diameter is 1150 A .  
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Fig. 3 The relation between X-ray diffraction intensi- 
ties and the pore diameter Dp. 
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Fig. 4 The pH of  CO s o l u t i o n  dependence of the 
coercive force Hc@) and (M). 
A large disagreement is observed at pore diameters of 
about 400 A .  This behavior is explained by the 
relation between the X-ray diffraction intensity ratio 
and the pore diameter shown in Fig. 3 .  The ratio of 
both (002)  and (101)  diffraction intensities to (100) 
diffraction intensity have minima around a pore 
diameter of 350-450 A .  This means that the c-axis of CO 
particles are incline toward the film plane around a 
pore diameter of 350-450 A .  In the magnetic alumite 
film including CO particles with its c-axis incline 
toward the plane, the magnetocrystalline anisotropy 
energy contributes to the negative magnetic anisotropy 
energy of the film. Therefore, the magnetocrystalline 
anisotropy energy makes the measured value smaller than 
the calculated value from the geometrical structures as 
shown in Fig. 2. From this result, we can say that the 
dependence of K on the pore diameter is explained by 
the relationshyp between X-ray intensity ratios and 
the pore diameter. 
Figure 4 shows the dependence of the coercive force 
on the pH of the CO solutions. When the temperature of 
the solution is 20 OC, the perpendicular coercive 
force Hc(l) decreases slightly with decreasing pH, and 
it drops down at a pH of 3 .6 .  At a pH of 3.2, the 
coercive force is lower than 1200 Oe. This same 
tendency is observed when the solution temperature is 
changed, and the lower the temperature is, the higher 
the pH at which the Hc(l) drops. Furthermore with 
decreasing temperature, the range of the pH having the 
Hc(l) minimum becomes wider. It means that we can 
obtain CO electrodeposited alumite films having various 
perpendicular coercive force Hc(l) sithout changing the 
pore diameter. 
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Fig. 5 The relationship of X-ray intensity ratios on 
the pH of CO solution. 
Figure 5 shows the ratios of (002) and (101) diffrac- 
tion intensities to (110) intensity of the CO alumite 
films electrodeposited at 20 O C .  The ratios approach 
zero since the (110) diffraction intensity is very 
strong at a pH of 3 . 2 .  In this case, the c-axis of the 
CO particles are almost all oriented in plane. The 
perpendicular coercive force Ac(I) depends on the 
orientation of the c-axis of CO particles, because the 
degree of the inclination of the c-axis of CO causes 
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Fig. 6 The relation of the composition between the 
electrodeposited particle and the electrodeposition 
solution. 
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perpendicular coercive force Hc(l) is higher than that 
of the pure Fe or pure CO electrodeposited alumite 
films. 
At the composition of 40 at% CO-Fe, the curves of the 
Hc bend unnaturally. We have not clarified this 
mechanism yet, but we remark the composition is the 
point that the magnetocrystalline anisotropy is zero. 
the variation of the magnetic anisotropy energy of the 
film. 
Figure 6 compares the Fe contents in the electrolyte 
to the electrodeposited particle with a pore diameter 
of 200 A .  The composition of the electrodeposited 
particles is not the same as that of electrolyte. The 
amount of Fe in the deposit i s  higher than that in the 
electrolyte. 
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Fig. 7 The X-ray diffraction pattern of the Go-Fe 
electrodeposited aluiite film. 
Figure 7 shows the X-ray pattern of the CO-Fe 
electrodeposited film at a pore diameter of 200 d .  We 
confirmed that the electrodeposited particles are 
single phase alloys of CO-Fe by comparing the 
diffraction angles and the lattice constant calculated 
from the diffraction angles of the electrodeposited 
particles with those of bulk CO-Fe alloys[5]. For 
instance, the lattice constant in the electrodeposited 
alunite film with composition of 40 at% CO-Fe is 2.857 
A .  On the other hand, the lattice constant of bulk with 
the same composition is 2.860 k. As a result, in the 
CO-Fe electrodeposited alumite films. the saturation 
magnetization can be controlled by selecting 
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Fig. 8 The composition dependence of the coercive 
force Hc(1) and (11). 
Figure 8 shows the Fe content dependence of 
coercive force Hc of the CO-Fe electrodeposited alumite 
films when the pore diameter is 200 A .  At a composition 
of 50 at% CO-Fe, the perpendicular coercive Hc(l) 
becomes a maximum value of 2700 Oe and the saturation 
magnetization is as high as 382 emu/cc( 1910 emu/cc in 




In the CO electrodeposited alumite films, the 
orientation of the crystalline c-axis of CO effects 
the perpendicular coercive force and the magnetic 
anisotropy energy. The coercive force of the CO 
electrodeposited alunite films can be varied by 
changing the orientation of the c-axis by controlling 
the electrodeposition conditions without changing the 
pore diameter. 
Moreover, by selecting the composition of the 
electrodeposited alloys, the saturation magnetization 
and the coercive force of the magnetic alunite films 
can be also controlled. At a composition of 50 at% Co- 
Fe, the magnetic alumite film has a high coercive 
382 emu/cc for the packing density P=O.2, simultaneous- 
ly. Therefore, at this composition, the magnetic 
alunite film can be used for recording media. 
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